Aim We estimated population size, survival, longevity and sex ratio of tuatara (Sphenodon guntheri Buller 1877) on North Brother Island and determined whether recruitment was occurring, to aid management and identify potential problems for population viability.
INTRODUCTI ON
The fate of small populations is uncertain, because even normal variation in birth and death rates can lead to extinction (Lacy et al., 1995) . Demographic, genetic and environmental factors, for example, unbalanced sex ratios, random variation in reproductive success, survivorship at an individual level and inbreeding can contribute to the vulnerability of small populations. Temperature increases as a result of global warming may be an additional problem for reptiles with temperature-dependent sex determination (TSD), if warmer temperatures result in skewed sex ratios.
Tuatara are threatened reptiles restricted to off-shore islands of New Zealand. They are of high conservation importance (Cree & Butler, 1993; IUCN, 1996) , and biologically significant as the sole living representatives of the order Sphenodontia (Benton, 1990; Cree & Butler, 1993) . There are two species of tuatara, Sphenodon punctatus and S. guntheri. Prior to the arrival of humans, tuatara were widespread throughout mainland New Zealand (Cree & Butler, 1993) . While there are still more than thirty island populations of S. punctatus, S. guntheri are primarily represented by one small population on 4 ha North Brother Island in Cook Strait (Cree & Butler, 1993) . This restricted distribution is the result of habitat destruction and predation by introduced mammals (Cree & Butler, 1993) . Invasions by introduced mammals, particularly rats, remain as risks for tuatara populations. Translocations of tuatara from North Brother Island to two other islands have occurred recently, but the status of these populations is unclear (Nelson et al., 2002) . The only population information available for S. guntheri is an estimate of 300 tuatara on North Brother Island obtained using a simple weighted mean Petersen analysis of mark-recapture data (Thompson et al., 1992) .
Tuatara are medium-sized nocturnal reptiles with TSD (Cree et al., 1995) . Maximum snout-vent length of female S. guntheri is c. 213 mm (Thompson et al., 1992) . Their lengthy life cycle means that recovery from population reductions is very slow. Tuatara reach sexual maturity at about 15 years of age (Dawbin, 1982; Castanet et al., 1988) , and females breed about every 2-5 years (Cree, 1994) . Sphenodon punctatus on Stephens Island are generally considered to have determinant growth and attain full size in 25-35 years (Castanet et al., 1988; Thompson et al., 1992 ; but see Nelson et al., 2002) , but potential longevity is not known.
Three quarters of all species known to have become globally extinct since 1600 were island species (Jenkins, 1992) . Accurate biological information is important for good conservation management to allow evaluation of the viability of small isolated populations and of past management practices and to aid future management strategies (Hiby & Jeffery, 1987; Miller & Ford, 1988; Smith & McDougal, 1991) . We estimated population size, survival, longevity and sex ratio of tuatara on North Brother Island and determined whether recruitment was occurring, to aid conservation management and identify potential problems for population viability.
METHODS

Study site
This study was conducted on North Brother Island, a 4-ha Wildlife Sanctuary located in Cook Strait, New Zealand (41°07¢ S; 174°27¢ E). The area searched for tuatara from 1996 to 1997 covered c. 2 ha of the area considered to be tuatara habitat by Thompson et al. (1992; c. 2.2 ha) . The further 0.2 ha of tuatara habitat was not searched because of inaccessibility. There are very few tuatara in the remaining 1.8 ha of the island, which is poor habitat for them (Thompson et al., 1992) .
Data collection
The data were collected on thirteen trips by many workers (Table 1 ). The first capture data were recorded in 1957, and twelve further trips to mark and recapture tuatara were made between 1988 and 1997. Trips ranged from one to seven nights in duration (Table 1) .
Tuatara were located by searching, mostly at night, using torch light. From March 1996, the search area was covered several times each night. Each captured tuatara was held in a cloth bag until measurements were taken. The capture location for each tuatara was recorded on a grid system, the capture site marked, and all individuals returned to the capture location. Measurements recorded included snoutvent length, vent-tail length, tail regeneration length and weight. The sex of each individual was recorded, where possible, based on development of secondary sexual characteristics, such as crest development and large head for males, and pear shaped abdomen for females (Dawbin, 1982; Cree et al., 1991) . Tuatara were given permanent individual marks by toe-clipping when first captured, and recaptures were recorded. A unique number was written on the side of each animal with a 'Vivid' marker pen; the number was legible throughout the duration of the trip.
Analyses
Demographic variables for Brothers Island tuatara were estimated using capture-recapture methods. The study used Pollock's robust design (Pollock, 1982; Pollock et al., 1990) , and data were analysed as suggested in Pollock (1982) to allow for heterogeneity of capture probabilities among individuals. Within-trip closed population models were used to estimate the population size, while a between-trips open population model was used to estimate survival.
Population size
The total number of tuatara on North Brother Island was estimated using the closed population models in CAPTURE (Otis et al., 1978; White et al., 1982) and finite mixture models (Norris & Pollock, 1996; Pledger, 2000) . The software for CAPTURE is available as part of the MARK program at http://www.cnr.colostate.edu/gwhite/mark/ mark.htm. This combination of programs allowed for up to three types of variability in capture probabilities. Capture probabilities could vary over time (t), because of heterogeneity among individuals (h), and because of behavioural responses to capture (b). If such effects are present but not allowed for in the model, estimates of population size may be biased; reptile behaviour is responsive to temperature, for example. Maximum likelihood models were used throughout, with M(0) (the null model, with no variation in capture probability), M(t) and M(b) from Otis et al. (1978) fitted by CAPTURE, and M(h) fitted as in Pledger (2000) . The methods of Pledger (2000) were also used to fit models combining two or more of the sources of variation, some of these models having additive effects only [e.g. M(t + h)] and others including interactive effects [e.g. M(t · h)].
Likelihood ratio tests were used to select the best model describing the data (5% significance level; Pledger, 2000) . Only trips 11-13 were used for model selection, as at least four samples are required ( Table 1 ). The CAPTURE model selection procedure was also tried for all trips with at least three nights' sampling, but this gave conflicting results. Problems with this model selection procedure are detailed in Stanley & Burnham (1998) . We therefore assumed that the best model(s) for trips 11-13 would also be appropriate for estimating population size for the other trips.
Reduced data sets with less heterogeneity were also analysed. Juvenile tuatara almost certainly have a lower probability of capture than adults (Dawbin, 1982) , so adults were analysed alone to remove this source of heterogeneity. There may be behavioural differences related to sex, so we analysed adult males alone to remove this source of heterogeneity. Another possible source of heterogeneity is the presence of a few animals that are almost always captured, a feature that may sometimes destabilize population estimates from heterogeneous models. Cormack (1992) suggested splitting the population into two groups: a small group with such high capture probabilities that they are effectively censused, and a larger group with lower, more homogeneous capture probabilities. The size of this larger group is estimated using a simpler (homogeneous) model, while the size of the small group is effectively known without error. The total population size estimate is the sum from the two groups, and its standard error is simply that of the larger group estimate.
We estimated population sizes using the overall best model [M(t); see model selection in the results]. It was important to use the model that best fitted the data to obtain the most accurate estimates. All population estimates are presented with a 95% profile likelihood interval (PLI), the set of possible values of the parameter that would be acceptable under a likelihood ratio test (at 5% significance level) for that value of the parameter (see Cormack, 1992) . Cormack showed the PLI to be more appropriate for capture-recapture study estimates than the traditional symmetric confidence intervals (which may go outside natural bounds on the parameters, giving a population estimate lower than the number of animals seen, or a survival probability estimate above 1).
Assumptions of the closed population models are that populations must be demographically closed, that no marks are lost during the study, and that all marks are noted and recorded correctly at each sampling occasion. Demographic closure means that no birth, death, immigration or emigration occur during the sampling period. The mark-recapture study of tuatara on North Brother Island met the closure assumption because the short period of each sampling period (three to five nights) meant that there was negligible probability of any mortality or recruitment occurring. For the short-term nature of the closed population analyses, the permanency of marks is indisputable. New toe losses are easily distinguishable, and 'Vivid' marker labels provided a simple backup.
Survival
Capture history data from selected trips (Table 1) were analysed using the Jolly-Seber (J-S) open population model to estimate survival (Jolly, 1965; Seber, 1965) . The J-S model is appropriate if M(0), M(t), M(b) or M(t + b) is chosen from the closed population analyses, as it allows for time effects and short-term trap response (within-trip data pooling means only the first capture per trip is relevant), but not heterogeneity among individuals. Even with low levels of heterogeneity, the J-S survival estimates are relatively robust to bias (Pollock, 1982) . The J-S model has the following assumptions (White et al., 1982; Pollock et al., 1990) : within a trip, each animal must have the same probability of (at least one) capture; between trips, each marked animal must have the same probability of survival; marks must not be lost or misread over time; and sampling periods must be short with respect to the intervals between samples.
Sampling periods of up to 5 days, with at least 10 months between samples, ensured a suitable sampling regime for analysis by J-S. August 1957 data were not used because of the long period to the next trip. Conversely, October 1990 data were not used as the interval until the next trip was considered too short. November 1995 data were not used because of the limited number of tuatara captured and the removal of eighteen tuatara from the population. A tuatara was recorded as captured on a given trip if it was captured at least once in that trip.
Extra analyses were performed with two reduced data sets: adult females only and adult males only. These two data sets were compared in MARK using 'Recaptures Only' to determine whether capture rates and/or survival rates varied by time and/or sex.
As equal catchability is not met in most capture-recapture studies (Carothers, 1973) , a series of contingency chi-square tests was performed to test the model's goodness-of-fit (Pollock et al., 1985) . Data were pooled to generate summary tables of capture histories for each trip or capture occasion (i) according to the following two formulations:
Formulation 1: New captures in each trip (i) were categorized by whether they were next caught in the following trip (i + 1), or not until after that (i + 2 onwards), or never recaptured. Recaptures in each trip were categorized in an identical fashion.
Formulation 2: Tuatara captured in each trip (i) were categorized by whether they were first captured in the previous trip (i -1), or earlier (before i -1). Tuatara not captured this trip, but caught next trip (i + 1), were categorized by whether they were first captured last trip (i -1) or earlier (before i -1).
The summary statistics were then compared with expected chi-square values to evaluate goodness-of-fit or divergence from homogeneity of capture or survival probabilities.
The closure assumption is relaxed for analysis by J-S (Seber, 1973) . Births, deaths and migration of tuatara between capture occasions are allowed, but losses to the population must be permanent (Pollock et al., 1990) .
Sex ratio
Chi-square tests (Sokal & Rohlf, 1981) were performed on the total number of individual adult males and females captured on each trip (Table 1) to test for a 50 : 50 adult sex ratio. Adult capture records from March 1996 and December 1997 were also compared using the population estimates from model M(t) to test whether different capture probabilities for males and females explained any skew in the apparent sex ratio. These two trips were chosen based on a large number of captures.
RESULTS
A total of 2024 captures was made over the thirteen trips, and 547 tuatara were marked ( Table 2 ). The total number of individuals captured per trip ranged from 24 to 243. The greatest numbers of captures occurred on trips when five nights were spent on the island. More adult males than adult females were captured on each trip, except August 1957.
Population size
Model selection
Based on likelihood ratio tests, the best models for estimating population size were M(t + h), M(t) and M(t + h) for trips 11, 12 and 13, respectively. In all cases, time was by far the most important single factor in improving the model fit. Removal of animals with four or five captures over five nights reduced the heterogeneity. Removing seven such animals in trip 11 caused model M(t + b) to be selected. The removal of one animal in trip 12 gave no change of model, and removal of three animals in trip 13 caused M(t) to be selected. Overall, M(t) looks like a suitable model after removal and later addition of high-capture animals. The appearance of a short-term behavioural trap response in the trip 11 data (after allowing for a time effect in the model) does not affect the choice of open population model, and the J-S model allows for such an effect (see Methods).
Population estimates
We used model M(t) outputs, with removal and later addition of highly catchable tuatara to estimate population size for each trip (Fig. 1) . These estimates ranged from 245 in January 1988 (trip 2) to 474 in November 1994 (trip 9). There is some concern about the 1996 (trip 11) estimate. The model selected for that trip, M(t + b), produced a population estimate of 259 (PLI 242-308), which was well below the estimate based on M(t). However, the J-S population estimate for trip 11 was in line with estimates for trips 12-13, so we think the extreme trap-shyness 'detected' in trip 11 after removal of heterogeneity was an artefact of an unlucky sample and/or the removal and re-addition process. The tuatara removed from the sample were those caught most frequently, so the remaining sample has some bias towards trap-shyness. *This column does not sum to the total number of individuals captured over all trips, because of recaptures of some individuals on several trips. Eighteen of these adults (eleven females and seven males) were removed from North Brother Island as founders for a new population (Nelson et al., 2002) . 
Population size and recruitment
While the estimated population size increased from January 1988 to November 1994, this is not a reliable indication of an increase in population size (Fig. 1) . Only the trips from March 1996 to December 1997 (trips 11-13) were planned for closed population analysis. Population estimates for these trips are in close agreement, indicating reliable results with small PLI. Hence, the most robust estimate for the total number of tuatara in the search area of c. 2 ha is about 400 (Fig. 1) . About 317 (PLI 267-388) of these are adults, based on the 1997 data where adults were analysed separately (Fig. 1) . Assuming that the density in the unsearched 0.2 ha of tuatara habitat (which was unsafe to search) is the same as in the search area, we estimate the total population of adult tuatara on North Brother Island to be about 349 .
Although juveniles are hard to detect on North Brother Island, they were captured on all occasions and indicate that recruitment is occurring in the population.
Survival and longevity
The Cormack-Jolly-Seber 'Recaptures Only' analysis in MARK allows model selection based on Akaike's Information Criterion (AIC, or its small-sample version AIC c ) or based on likelihood ratio (chi-squared) tests. Using data for adults, we tried models with capture probabilities and/or annual survival dependent on time, sex, both or neither. The best model based on AIC c involves no sex differences in capture or survival probability, and constant survival over time (Table 3) . The second best model, with AIC c only 0.73 higher than the best, has capture probabilities varying through time and annual survival constant through time but varying with sex (with females having a slightly lower survival rate). This is a less parsimonious model, and a likelihood ratio test selects the simpler one (v 2 (1) ¼ 1.318, P ¼ 0.2510). The same result was obtained using likelihood ratio tests with a 5% significance level. Under the best model, mean annual survivorship from 1988 to 1997 was 0.949, with a 95% PLI (0.935-0.962).
We know juvenile survival is lower than adults, because inclusion of juveniles gave lower survival estimates, but the low capture probabilities of juveniles (Dawbin, 1982) meant there were too few juvenile captures for a separate analysis.
J-S requires homogeneity of capture and survival probabilities, but goodness-of-fit contingency tables show significant divergence of the data from homogeneity. Equal catchability is an unattainable ideal in natural populations (Carothers, 1973) . Population estimates from J-S are likely to be negatively biased in the presence of heterogeneity unless there are high capture probabilities, but there is little evidence of bias arising from unequal catchability or permanent trap response in J-S estimates of survival (Carothers, 1973; Gilbert, 1973; Nichols et al., 1984; Pollock et al., 1990) .
Of twenty-four tuatara marked by Barwick in 1957, eight (three males and five females) were recaptured between 1988 and 1997. Two males grew in length, indicating they were not fully grown when first marked; the third male was not measured in 1957. The two females with the longest capture histories were fully grown when first marked in 1957 and were last captured in 1993, suggesting that the minimum age of these two females is 61-71 years.
Sex ratio
The estimation of sex ratio using only the animals captured is supported by the MARK analysis showing no sex differences in capture rate. The proportion of females observed was Figure 1 Population estimates based on M(t) for tuatara in the study area on North Brother Island. Error bars show profile likelihood intervals (PLI). Table 3 Comparison of survival models fitted to the data using the 'Recaptures only' option in MARK. Models attempted had survival rates depending on time and sex (t · s), time only (t), sex only (s) or constant (AE). The best model is that with the lowest AIC c , indicating the best compromise between simplicity and fit to the data (1957) is excluded, trips 2-13 show no significant differences in the proportion of females (v 2 (11) ¼ 14.91, P ¼ 0.1868). The 1957 trip is considered an outlier because of the unknown basis for selection of animals during that trip and the possibility of a change in sex ratio since that trip. We pooled information from samples 2-13 to estimate the proportion of females, counting each animal only once even if it was seen on several trips, to remove dependence from the data. With 179 females and 303 males, this gave an estimate of 0.371 (SE 0.043) for the proportion of females, with a 95% confidence interval (0.328, 0.414), which does not include a 50 : 50 sex ratio. This translates to an estimated male : female sex ratio of 1.7 : 1, with 95% confidence intervals of (1.42 : 1, 2.05 : 1).
DI SCUSSION
The long-term prospects of S. guntheri on North Brother Island appear good. They have high survivorship and are long-lived. Recruitment is occurring, and few juveniles are required to reach breeding age to maintain a population with a high survival rate. They are legally protected, and there is no reason to believe that survival and recruitment have declined.
The adult population estimate of c. 349 is slightly higher than the estimate of 300 obtained by Thompson et al. (1992) for the same habitat area. Re-analysis by CAPTURE of Thompson et al.¢s 1988 data (Thompson et al., 1992 also provided a larger estimate than their analysis, which used a weighted mean Petersen method. A larger search area, more capture occasions and analysis by a more powerful method may have contributed to a more accurate estimate from our study. The density of tuatara on North Brother Island is approximately 159 ha , which is similar to the minimum density of 100 tuatara ha )1 in good habitat on other rat-free islands (Cree & Butler, 1993) .
The total number of tuatara marked on North Brother Island since 1988, 523, is higher than the upper profile likelihood of our population estimate of 457. However, our population estimate does not include juveniles, which comprise about 10% of the marked individuals; also some deaths will have occurred over the 10 years. It is also possible that some individuals were mis-identified because of natural losses of toes.
Mean annual survival of adult tuatara on North Brother Island is c. 95% and appears to have been stable for the past decade. Compared with other New Zealand reptiles, tuatara are live longer. The longevity of North Brother Island tuatara (at least 61-71 years) is almost twice that of the next longest record of 36 years for a New Zealand reptile, Hoplodactylus duvaucelii (Thompson et al., 1992) . Tuatara live as long as crocodilians in the wild (70 years) and possibly as long as turtles, which can live beyond 100 years (Pritchard, 1967; Graham & Hutchison, 1969; Webb & Manolis, 1988) . High survivorship and extended life span are expected traits for the survival of a species that matures late and has low reproductive output (Cree, 1994) .
The sex ratio of adult tuatara on North Brother Island appears to be skewed strongly towards males. This could be true or could be an artefact reflecting the inability of the methods to account for some animals in a population that are effectively invisible (Otis et al., 1978) . Some females, for example, may leave their burrows less often than males and be effectively uncatchable over a five-night trip.
As adult males and females are estimated to have similar survival, an obvious explanation for the sex ratio is a bias in recruitment. Sex of tuatara is determined by the temperature of egg incubation (TSD; Cree et al., 1995) , with more males produced as the temperature increases. Consistently warm soil temperatures could lead to a male-biased population. In turtles with TSD, sex ratios are commonly biased towards female hatchlings (Limpus et al., 1985; Bull & Charnov, 1989; Ewert & Nelson, 1991) . In crocodilians, the sex ratio may deviate from 50 : 50, but not necessarily with a female bias (Ouboter & Nanhoe, 1989; Thorbjarnarson, 1990; Cooper-Preston, 1991; Lance et al., 2000) .
The key demographic threats to the North Brother Island population of tuatara are the disproportionately small number of adult females and small total number of tuatara. An adult population of 349 tuatara is likely to represent a much smaller effective reproductive population. How much smaller is not known as key information required to calculate this figure is unavailable for this species. The number of reproductive females may be small enough to compromise the viability of the population due to demographic stochasticity, loss of genetic variation, and/or Allee effects (Lacy, 1993; Stephens & Sutherland, 1999) . In addition, global warming could contribute to further skewing of the population sex ratio (because of TSD) if female tuatara are not able to adjust their nesting behaviour according to environmental cues. Predicted temperature increases (1.4-5.8°C; IPCC, 2001) may also result in reduced recruitment as a result of lethal temperatures in nests.
The first tuatara were marked on North Brother Island 45 years ago, contributing to estimates of longevity, but it is only work over the past decade that has allowed estimates of population size, survival and sex ratio. Current estimates of survival and longevity are consistent with the long-term survival of the North Brother Island tuatara population. However, a male-biased sex ratio, genetic effects of a small population size, and environmental (e.g. global warming) and chance events (e.g. rat invasion and fire) pose significant risks. We recommend no further females be removed from the island for translocation until more is known about natural fluctuations in sex ratio and population size.
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